Epithelial cells that line the renal tubules possess apico-basal polarity and a defined cell structure maintained by junctional proteins. These junctions enable adhesion with neighboring cells and the basement membrane. The underlying mesenchymal cells, which secrete extracellular matrix proteins, are fibroblastic with a non-uniform cell structure. Mesenchymal-to-epithelial transition (MET) 2 is an important process in the induction of nephron from the metanephric mesenchyme, and epithelial-to-mesenchymal transition (EMT) is a common occurrence during renal tubule formation, where the epithelial cells acquire mesenchymal phenotype transitorily before reverting back to the epithelial phenotype. Multiple rounds of MET and EMT occur during kidney development (1) . Differentiation arrest of mesenchymal cells results in the genesis of Wilms tumor, or nephroblastoma, which is the most frequently occurring renal cancer in children (2, 3) . Aberrant transformation of tubular epithelial cells of the nephron via EMT is associated with the development of renal cell carcinoma (RCC) (4 -6), which constitutes 85-90% of the adult renal tubular malignancies (7) .
Kidney plays a vital role in maintaining ionic balance in the body. The principal Ca 2ϩ regulator that mediates Ca 2ϩ reabsorption on the basolateral surface of epithelial cells lining the distal convoluted tubules and connecting tubules in a nephron is the Na ϩ /Ca 2ϩ exchanger (NCX1) (8) . NCX1 is a major Ca 2ϩ extrusion mechanism in renal epithelial cells, responsible for two-thirds of Ca 2ϩ extrusion (8) ; isoforms NCX2 and NCX3 are not expressed in these cells (9 -11) . NCX1 consists of 10 ␣-helical transmembrane domains and a large intermediate cytosolic loop with 550 residues. This large intracellular loop contains two Ca 2ϩ -binding domains, which, along with the catenin-like domain, mediate the ion exchange activity (12) . NCX1 has been shown to function in forward mode in renal epithelial cells (i.e. mediate the extrusion of one Ca 2ϩ and the influx of 3 Na ϩ ) in one exchange movement (8) . We showed earlier that functional inhibition of NCX1 led to enhanced cell migration in renal epithelial cells and that NCX1 interacts with adhesion protein, the ␤-subunit of Na,K-ATPase (13) . Another study indicated that NCX1 was up-regulated during stroma-induced cell adhesion in the prostate epithelium (14) . Because increased migration and suppression of cell-cell adhesion is a prerequisite for cancer progression, we determined NCX1 levels in renal cancers and evaluated the role of NCX1 in EMT. This is a first report showing reduced levels of NCX1 in both RCC and Wilms tumor and that knockdown of NCX1 induces EMT in MDCK cells.
Results

Expression of NCX1 mRNA and protein is down-regulated in renal cancers
We showed earlier that inhibition of NCX1 increases cell migration in kidney epithelial cells (13) . Because enhanced migration is one of the characteristics acquired by carcinoma cells, we tested whether NCX1 expression is altered in renal cancers. An analysis of publically available microarray data from a genomic study (GSE11151) (15, 16) revealed that NCX1 mRNA levels were reduced in all three subtypes of RCC and in pediatric Wilms tumor compared with normal kidney tissue (Fig. 1A) . Similar down-regulation of NCX1 was also observed in other studies (16 -18, 81) analyzed on Oncomine (Compendia Bioscience; http://www.oncomine.org). 3 No detectable transcripts of the other two isoforms (NCX2 and NCX3) were present in either the normal kidney or tumor tissues.
To examine NCX1 protein levels in renal tumors, frozen Wilms tumor and RCC tissues were obtained along with their matched normal tissues. NCX1 protein levels were reduced in both Wilms tumor and RCC specimens compared with their respective matched normal tissue from each patient (Fig. 1, B and C). NCX1 antibody not only detects a 120-kDa full-length NCX1 protein indicated by arrows, but also another band at 160 kDa representing unreduced NCX1 protein. All normal tissue samples showed the presence of NCX1 protein, whereas the tumor samples showed very weak NCX1 bands. The loading control ␤-actin was detectable in both normal and tumor tissue samples. The reduction in NCX1 protein normalized to ␤-actin in tumor samples was statistically significant (p Ͻ 0.01 for Wilms tumor, p Ͻ 0.005 for RCC, n ϭ 6 each) (Fig. 1D) . Further, quantitative PCR analysis showed that NCX1 transcript levels were also reduced in both Wilms tumor and RCC tumor samples, suggesting that reduced transcript levels correlated with reduced protein (Fig. 1E) .
Knockdown of NCX1 changes the epithelial morphology of MDCK cells
To determine whether reduced NCX1 expression is instrumental in the development of renal cancers, MDCK cells with stable NCX1 knockdown (NCX1-KD) were generated by transduction of lentiviral particles containing two different shRNA sequences targeted against NCX1. NCX1 protein was reduced by 77% in the cells with NCX1 knockdown (Fig. 2A) . Cell surface biotinylation assay revealed that NCX1 protein on the cell surface was also greatly reduced (by 84%) in NCX1-KD cells. The protein level of plasma membrane Ca 2ϩ -ATPase (PMCA), a protein involved in Ca 2ϩ extrusion similar to NCX1, was unaltered in NCX1-KD cells ( Fig. 2A) . The morphology of NCX1-KD cells was modified compared with the honeycomb morphology characteristic of MDCK cells (Fig. 2, B and C) . NCX1-KD cells were more elongated and exhibited a 1.4-fold increase in cell length compared with parental MDCK cells (Fig. 2, C and D) . MDCK cells transduced with lentiviral particles containing a scrambled sequence (MDCK-Scr) that does not target any known coding sequences showed cell length similar to that of the parental MDCK cells (Fig. 2, C and D) . These results indicate that the reduction in NCX1 expression leads to change in epithelial morphology.
NCX1-KD cysts show altered morphology
3D cell culture mimics in vivo cellular environment better by providing physiologically relevant conditions (19) . When grown in 3D Matrigel TM cultures, MDCK cells form cysts with hollow lumen, possessing distinct apical and basal polarity that resemble in vivo epithelial cell architecture in glands. The majority of cysts produced by NCX1-KD cells failed to form polarized cysts with a distinct lumen, and in some instances, multiple lumens were observed (Fig. 3, A and B) . NCX1-KD 
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cysts were comparatively larger than MDCK cysts (Fig. 3, A and  C) . The 30% increase in cyst dimension could be due to the higher rate of proliferation (1.4-fold) in NCX1-KD cells compared with MDCK cells (Fig. 3D) .
NCX1 regulates the tightness of intercellular junctions in renal epithelial cells
Epithelial cells are uniquely equipped with tight junctions, which not only maintain epithelial polarity but also function as a barrier to prevent free diffusion of solutes. Trans-epithelial electrical resistance (TER) is used as a measure to determine the tightness of cell-cell contact mediated by the tight junctions (20, 21) . Electrical cell-substrate impedance sensing (ECIS) technology was used to continually monitor TER in MDCK and NCX1-KD cells. Cells were plated in wells fitted with gold electrodes. A constant alternating current was applied between the electrodes. The increase in resistance to the current due to the attachment of cells and formation of junctions was recorded. TER values were normalized to the initial value, and the graph was plotted as described previously (22) . The TER increased gradually over time and reached a plateau. Even after the TER attained a plateau, it was monitored for several more hours. MDCK cells showed normalized peak TER of 23.1 at 8.2 h. In contrast, the peak TER attained by NCX1-KD cells was only 12.9, and it required 11.8 h. Thus, normalized TER of NCX1-KD cells over the entire time range was significantly lower than for MDCK cells (p Ͻ 0.0001), indicating that the junctions are compromised in NCX1-KD cells (Fig. 4A) . A calcium-switch assay was used to study synchronized de novo junction formation as described previously (23) . MDCK cells assembled junctions very rapidly and attained peak TER that was 5.6-fold higher than baseline within 3.2 h. The peak TER attained by NCX1-KD cells was only 4.1-fold higher than baseline and required 10.8 h (Fig. 4B) . These data further support the conclusion that NCX1-KD cells do not achieve high TER in comparison with MDCK cells and that the time taken to reach maximum TER is longer in NCX1-KD cells compared with MDCK cells. Interestingly, MDCK cells treated with KB-R7943 to inhibit NCX1 activity did not show appreciable change in TM cultures stained for ␤-catenin (green), F-actin (red), and nuclei (blue). Majority of MDCK cysts had a single hollow lumen with distinct apical and basal polarity, whereas NCX1-KD cells failed to form polarized cysts. Some NCX1-KD cysts had multiple lumens (bottom panel). Scale bar, 10 m. B, bar graph comparing the mean number of polarized or non-polarized cysts in MDCK and NCX1-KD cells. Error bars, S.E. from three independent experiments (n ϭ 100 cysts/experiment). **, p Ͻ 0.005; ***, p Ͻ 0.001. C, graph comparing MDCK and NCX1-KD cyst dimension from three independent experiments (n ϭ 20 each). ***, p Ͻ 0.001. D, the bar graph denotes the rate of cell proliferation in MDCK and NCX1-KD cells in the BrdU assay. Error bars, S.E. from three independent experiments in triplicate. *, p Ͻ 0.05. Fig. 4B) , suggesting that the formation of junctions does not require NCX1 ion transport function.
TER (
One of the consequences of compromised tight junctions is increased permeability to non-ionic solutes. 6-Carboxytetramethylrhodamine (TAMRA) was used as a tracer to study paracellular permeability. Cells were cultured on Transwell inserts with a pore size of 0.4 m for 2 days, and TAMRA was added to the top chamber. The fluorescence intensity corresponding to the amount of TAMRA diffused to the bottom of the chamber within the indicated time range was quantitated by fluorometry. The amount of TAMRA in the bottom chamber of NCX1-KD cells was considerably higher at every time point tested (p Ͻ 0.05). Thus, consistent with reduced TER measurements, NCX1-KD cells displayed higher paracellular permeability compared with MDCK cells (Fig. 4C) .
Transmission electron micrography was used to inspect the ultrastructure of intercellular junctions between MDCK and NCX1-KD cells. The cell membranes of adjacent MDCK cells were in close contact with each other with varying degree of membrane invagination. NCX1 knockdown resulted in an increase in the distance between adjacent cell membranes (Fig.  4D ). The electron-dense region located at the boundary of apical and lateral plasma membrane, the tight junction, was prominent in MDCK cells but not so apparent in NCX1-KD cells.
The adherens junctions also appeared to be affected in NCX1-KD cells, whereas desmosomal structures looked similar to MDCK cells, indicating that reduced NCX1 affects the ultrastructure of cell-cell junctions.
NCX1 associates with and stabilizes E-cadherin on the cell surface
E-cadherin is a key junctional protein that is required for the formation of tight and adherens junctions (24) . Therefore, we tested the expression level of E-cadherin in NCX1-KD cells. These cells not only showed decreased total E-cadherin protein but also showed 50% reduction in membrane-localized E-cadherin determined in a cell surface biotinylation assay (Fig. 5A) .
The intracellular trafficking of E-cadherin is a dynamic process that regulates E-cadherin function (25) . Therefore, we examined E-cadherin exocytosis and endocytosis in NCX1-KD cells. The amount of E-cadherin protein that reached and was retained at the cell membrane within 15 min in NCX1-KD cells was not significantly different from that in MDCK cells (Fig.  5B ). There was a striking difference in the amount of E-cadherin endocytosed in NCX1-KD cells. Almost 100% of E-cadherin was endocytosed in NCX1-KD cells, whereas only 3% E-cadherin was internalized in MDCK cells in 15 min (Fig. 5B ). These data indicate that E-cadherin in NCX1-KD cells is destabilized and probably undergoes rapid internalization soon after it reaches the cell surface.
Therefore, the membrane stability of E-cadherin was evaluated by a detergent extraction assay. In this assay, proteins that are tightly linked to the submembranous actin cytoskeleton are not easily extracted by detergent treatment and are mostly retained in the pellet fraction. E-cadherin in MDCK cells is tightly linked to the actin cytoskeleton. Thus, only 26% of E-cadherin was Triton X-100-soluble in these cells and detected in the supernatant fraction (S in Fig. 5C ). In comparison, 64% of E-cadherin was Triton X-100 soluble in NCX1-KD cells (Fig. 5C ), suggesting that E-cadherin is not stably anchored to the plasma membrane. NCX1-KD cells also showed a concomitant reduction in the E-cadherin level in the pellet fraction (P). ␤-Actin remained in the pellet fraction following detergent extraction in both MDCK and NCX1-KD cells, indicating that NCX1 knockdown does not affect the structure of the actin cytoskeleton.
The association between NCX1 and E-cadherin was tested, because NCX1 appears to regulate E-cadherin expression. A reciprocal co-immunoprecipitation analysis revealed that E-cadherin and ␤-catenin co-immunoprecipitates with anti-NCX1 antibody, and NCX1 was pulled down by anti-E-cadherin antibody (Fig. 5D ). Furthermore, immunofluorescence microscopy showed that NCX1 and E-cadherin co-localized on the cell surface (Fig. 5E ). These data suggest that NCX1 associates with E-cadherin in MDCK cells.
To determine whether the interaction between NCX1 and E-cadherin is dependent on NCX1 ion transport activity, MDCK cells were treated with 10 M KB-R7943 (NCX1 inhibitor). This is the half-maximal concentration required for inhibition of NCX1 activity accompanied by increase in intracellular calcium in MDCK cells (13, 26) . Furthermore, we showed earlier that 10 M KB-R7943 induced cell migration in these 
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cells with no toxicity (13) . The quantity of NCX1 immunoprecipitated by anti-E-cadherin antibody in MDCK cells treated with KB-R7943 was similar to that in DMSO-treated MDCK control cells, indicating that NCX1 inhibition does not affect their interaction (Fig. 5F, top) . The level of E-cadherin also remained unaltered following treatment with KB-R7943 (Fig.  5F, bottom) . The membrane stability of E-cadherin in cells treated with KB-R7943 was also tested. The percentages of E-cadherin in supernatant (S) and pellet (P) fraction in control and KB-R7943 treated cells remained similar (Fig. 5G) , signifying no effect of NCX1 functional inhibition on E-cadherin membrane localization. Taken together, these data suggest that NCX1-E-cadherin complex formation stabilizes E-cadherin on the membrane independent of NCX1 ion transport function.
NCX1 suppresses ␤-catenin transcriptional activity
␤-Catenin is an interaction partner of E-cadherin that anchors it to the membrane via its interaction with other catenins and cytoskeletal proteins; in addition, it also functions as a transcriptional activator (27) . When E-cadherin is destabilized from the membrane, ␤-catenin is internalized and translocated into the nucleus, where it binds with transcription factors lymphoid enhancer-binding factor-1 (LEF) and T cell factor 3 (TCF), regulating transcription of target genes (28, 29) . Because NCX1 knockdown destabilizes E-cadherin and reduces its membrane expression, nuclear translocation of ␤-catenin was tested. Immunostaining of ␤-catenin in NCX1-KD cells displayed the presence of ␤-catenin in the cytoplasm and the nucleus, whereas a similar localization of ␤-catenin was not observed in MDCK cells (Fig. 6A) .
To determine whether the nuclear localization of ␤-catenin in NCX1-KD cells is associated with enhanced ␤-catenin transcriptional activity, a ␤-catenin reporter assay was performed. In this reporter assay, the luciferase activity produced by the binding of ␤-catenin to TCF/LEF sites upstream of luciferase reporter (TOPflash) and a scrambled promoter coupled to luciferase reporter (FOPflash) was assayed along with Renilla luciferase activity. Renilla luciferase vector was co-transfected . NCX1 interacts with E-cadherin and regulates its membrane expression independent of NCX1 ion transport activity. A, immunoblot representing total and membrane E-cadherin expression along with total ␤-catenin levels. ␤-Actin was used as a loading control. B, representative immunoblots of exocytosis (quenched with or without NHS-acetate) and endocytosis (reduced or non-reduced) of E-cadherin in MDCK and NCX1-KD cells. C, immunoblots of E-cadherin and ␤-actin in soluble (S) and pellet (P) fractions in MDCK and NCX1-KD cells following detergent extraction. D, coimmunoprecipitation assay showing E-cadherin, ␤-catenin, and NCX1 protein in IgG, anti-NCX1, and anti-E-cadherin immunoprecipitates (IP). E-cadherin and ␤-catenin antibodies were simultaneously added for the detection of both proteins on the same blot. E, immunofluorescence images showing co-localization of NCX1 and E-cadherin in MDCK cells. Bar, 10 m. F, lysates of MDCK cells treated with DMSO or KB-R7943 were immunoprecipitated using anti-E-cadherin antibody and immunoblotted for NCX1 and E-cadherin. Note that E-cadherin co-immunoprecipitated with NCX1 in NCX1-inhibited cells. G, representative immunoblots showing E-cadherin and ␤-actin in detergentsoluble (S) and pellet (P) fractions of MDCK monolayers treated with DMSO (control) or KB-R7943. as an internal control to determine the transfection efficiency. The luciferase activity produced by the activation of the TOPflash reporter after deducting the FOPflash background luciferase activity following normalization with Renilla luciferase activity was 2-fold higher in NCX1-KD cells compared with MDCK cells (Fig. 6B) . Furthermore, targets of ␤-catenin transcriptional activity were evaluated to determine whether the downstream signaling pathway was activated. NCX1-KD cells showed 2.6-fold higher cyclin D1 transcript level and 2.5-fold greater Axin2 transcript level compared with MDCK cells (Fig.  6C) . These data indicated that the ␤-catenin signaling pathway was induced in NCX1-KD cells.
XAV-939, a Wnt-␤-catenin inhibitor was utilized to test the role of ␤-catenin signaling in NCX1-KD cells (30) . Treatment with 2 M XAV-939 for 96 h resulted in the generation of a greater proportion of polarized cysts (66.5%) in NCX1-KD cells plated on Matrigel (Fig. 6D) , suggesting that the non-polarized cysts in NCX1-KD required ␤-catenin signaling.
NCX1 knockdown increases mesenchymal markers
As described above, the morphology of NCX1-KD cells was fibroblastic with non-compact tight junctions. Moreover, the epithelial marker E-cadherin was down-regulated. Therefore, the levels of mesenchymal markers were tested to determine whether NCX1 knockdown induced EMT in MDCK cells. Mesenchymal markers ␣-smooth muscle actin (␣-sma), fibronectin, and N-cadherin were elevated (Fig. 7, A and B) . NCX1-KD cells also exhibited an increase in the phosphorylation and nuclear localization of nuclear factor-B (NF-B) (Fig. 7B) , which governs fibronectin expression during EMT (31, 32) . Fibronectin and NF-B are known to be regulated by ␤-catenin. Therefore, we evaluated whether these two proteins are regulated by ␤-catenin signaling in NCX1-KD cells. Fibronectin protein was greatly reduced in NCX1-KD cells treated with XAV-939, whereas phosphorylated NF-B levels did not show appreciable change (Fig. 7C) . Thus, these data indicate that knockdown of NCX1 induces EMT in MDCK cells associated with ␤-catenin transcriptional activation.
Anchorage-independent growth is a hallmark feature of transformed epithelial cells. NCX1-KD cells formed colonies in soft agar independent of anchorage, unlike MDCK cells (Fig. 8,  A and B) , suggesting that NCX1-KD cells have gained tumorigenic potential. Taken together, these data demonstrate that NCX1 knockdown reduces E-cadherin membrane stability and increases ␤-catenin transcriptional activity, leading to EMT and increased tumorigenic potential.
Discussion
This study demonstrated that NCX1 transcript and protein levels are reduced in renal cancers. Knockdown of NCX1 in MDCK cells induced fibroblastic morphology and prevented lumen formation in 3D cultures. In addition, NCX1-KD cells had reduced TER and increased permeability with concomitant increase in intercellular junctional space. These cells were capable of anchorage-independent growth and showed increased proliferation. Moreover, NCX1-KD cells displayed elevated mesenchymal markers and reduced epithelial marker E-cadherin. Mechanistically, we demonstrate that NCX1 interacts with E-cadherin and stabilizes it on the plasma membrane. Destabilization of E-cadherin is associated with activation of ␤-catenin signaling pathway in cells with NCX1 knockdown. Thus, NCX1-KD cells acquired characteristics of mesenchymal cells, signifying that knockdown of NCX1 induces EMT.
Evidence demonstrating the involvement of Ca 2ϩ regulators, such as transient receptor potential (TRP) channels and PMCA, in cancer progression has been gained recently. Some Ca 
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breast/ovarian cancer, TRPC6 in glioma, TRPM7 in ovarian cancers, and PMCA in breast cancers were observed (33) (34) (35) (36) . Functional inhibition or knockdown of these proteins reduced cell proliferation, migration, and metastasis (37-39), thus confirming the role of these proteins in cancer induction. A recent report showed that reduction in NCX1 protein in penile carcinoma was associated with increased proliferation and reduced apoptosis (40) . NCX1 gene expression was reduced in chemoresistant variants of an ovarian cancer cell line, suggesting a role for NCX1 in sensitization to chemotherapy (41). Reduction in NCX1 transcript level was also observed in breast cancer cells undergoing transforming growth factor-␤ induced EMT (42) . These correlative data lend support to our observation that NCX1 is reduced in renal cancers. This is the first study showing the effect of knockdown of NCX1 on epithelial characteristics.
Multiple studies have highlighted the role of calcium in the regulation of cellular functions, such as proliferation, apoptosis, and migration (43) (44) (45) . Because NCX1 is responsible for calcium extrusion, it was unsurprising that NCX1-KD cells showed 1.5-fold higher intracellular calcium (data not shown). Thus, it is likely that some altered cellular functions observed in NCX1-KD cells are caused by an increase in intracellular calcium. For example, elevation in intracellular calcium may be responsible for high proliferation in NCX1-KD cells. Likewise, we showed previously that functional inhibition of NCX1 with KB-R7943 induced migration (13) . On the contrary, increase in intracellular calcium by treatment with KB-R7943 did not affect the TER in MDCK cells, indicating that the pump function of NCX1 is probably not involved in tight junction formation (Fig. 4B) . This is in agreement with various studies showing that changes in intracellular calcium do not modulate tight junction permeability, although extracellular calcium is essential for tight junction formation and maintenance (20, 23) . The ion transport function of NCX1 is well characterized, but this is the first report highlighting the role of NCX1 independent of its ion transport function.
An important phenomenon during organ development, especially in kidney, breast, and prostate organogenesis, is the reorganization of epithelial cells to form spheroids with lumen and tubular networks (46) . The development of carcinomas in these organs is associated with disrupted lumen polarity and the formation of multiple lumens with eventual filling of the luminal space characteristic of EMT (47) . Unlike parental MDCK, NCX1-KD cells formed bigger non-polarized cysts or cysts with multiple lumens, associated with the loss of apicobasal polarity. Moreover, these cysts were larger, probably due to an increase in rate of proliferation, because enhanced proliferation rate has been shown to increase the size of the cysts with p120 knockdown (48) . Cysts with multiple lumens and progressive enlargement of the cyst are features observed in the initial pre-invasive stage of carcinoma associated with loss of cellular function (47, 49, 50) . Moreover, NCX1-KD cells also exhibited anchorage-independent growth, confirming the carcinogenic potential of these cells.
NCX1 interacts with proteins, such as calmodulin, phosphatases, PP2A, and Na,K-ATPase ␤-subunit (51-53), that have been implicated in regulation of cancer progression (54 -56) . In this study, we show that NCX1 co-localizes and co-immunoprecipitates with E-cadherin and regulates E-cadherin cell surface expression. It remains to be determined whether NCX1 directly interacts with E-cadherin or via another protein, such as ␤-catenin. Inhibition of NCX1 activity neither prevented NCX1-E-cadherin association nor affected E-cadherin membrane stability, demonstrating that NCX1 regulation of E-cadherin is independent of its ion transport activity.
The dissociation of adherens junctions by loss or destabilization of E-cadherin can promote ␤-catenin nuclear localization (27, 57) . Once inside the nucleus, ␤-catenin can bind with LEF/ TCF and act as a transcription factor, ultimately resulting in activation of the Wnt-␤-catenin signaling pathway, which can induce EMT (28, 58 -62) . We observed nuclear localization and activation of ␤-catenin signaling in NCX1-KD cells. Blocking this signaling induced epithelial polarization in 3D cultures and suppressed fibronectin accumulation, highlighting the role of ␤-catenin in the induction of EMT in NCX1-KD cells (Fig. 9) . Similar to NCX1-KD cells, RCC and Wilms tumor samples also showed induction of cyclin D1 transcript levels (data not shown), indicative of ␤-catenin transcriptional activation. Activation of Wnt-␤-catenin pathway is a common occurrence in both RCC and Wilms tumor, although it is not associated with mutations in ␤-catenin (63, 64) . It is tempting to speculate that loss of NCX1 regulates E-cadherin and promotes the activation of ␤-catenin signaling in these tumors.
During kidney development, cycles of MET and EMT are synchronized by the expression of specific transcription factors, such as WT-1, Egr-1, Pax2, and Pax8. These proteins are highly expressed in metanephric mesenchymal cells. During generation of functional renal tubules by differentiation of metanephric mesenchymal cells to epithelial cells, the expression of (79, 80) . Furthermore, this also leads to an increase in ␤-catenin transcriptional activity that is associated with increase in proliferation (28), anchorage-independent growth (60), and increase in EMT markers (59) . This model illustrates the mechanism by which the loss of NCX1 initiates morphological and functional characteristics of cells undergoing EMT, thereby leading to cancer progression.
these transcription factors is down-regulated (65) . Interestingly, aberrant expression of these proteins has been observed both in Wilms tumor (where mesenchymal cells do not differentiate into epithelial cells during development) and in RCC (where epithelial cells are transformed to mesenchymal cells) (66 -68) . Conversely, NCX1 expression is reduced in both Wilms tumor and RCC, indicating that NCX1 expression is directly proportional to epithelial phenotype. Egr-1 is known to regulate NCX1 in the heart (69). Thus, it is likely that Egr-1 may also regulate NCX1 during kidney development. How NCX1 is down-regulated in RCC remains to be determined. Taken together, our data suggest that NCX1 may function as a potential tumor suppressor. Further investigation on the role of NCX1 in tumorigenesis is currently in progress in the laboratory.
Experimental procedures
Cell lines and tumor samples
Madin-Darby canine kidney (MDCK) from American Type Culture Collection (Manassas, VA), as described previously (70), and Lenti-X TM HEK-293T cells (632180) from Clontech (Palo Alto, CA) were cultured in DMEM with 10% fetal bovine serum, 2 mM/L L-glutamine, 25 units/ml penicillin, and 25 g/ml streptomycin.
For the generation of MDCK cells with stable knockdown of NCX1, lentiviral transduction was used for genomic integration of the shRNA expression cassette. Two distinct shRNAs targeted against canine NCX1 (sequence 1, AATGGAAGGA-GAAGGCAATGA; sequence 2, AAGTCTGCAGGTTCAAG-CTTG) and scrambled shRNA (AACGTACGCGGAATACT-TCGA; sequence from Addgene plasmid 46896) that does not target any known transcript were cloned into the lentiviral vector pLKO.1 puro, a gift from Bob Weinberg (Addgene plasmid 8453) (71) . Lentiviral particles were generated by co-transfection of this plasmid with pMDLg/pRRE (Addgene plasmid 12251), pMD2.G (Addgene plasmid 12259), and pRSV-Rev (Addgene plasmid 12253) in HEK-293T cells. The three packaging plasmids were a gift from Didier Trono (72) . The lentiviral particles were used for the transduction of MDCK cells. Two days post-transduction, cells were cultured in the presence of 10 g/ml puromycin for selection pressure and maintained with 2 g/ml puromycin. No puromycin was added in cells plated for experiments.
Wilms tumor and RCC tissues (n ϭ 6 each) were obtained along with their matched normal tissues from the Nemours BioBank and the Helen F. Graham Cancer Center of Christiana Care Hospital, respectively, under an Institutional Review Board-approved protocol with informed patient consent.
Antibodies and reagents
Anti-NCX1 monoclonal antibody (clone: C2C12, ab2869) from Abcam (Cambridge, MA) was used in a 1:1000 dilution. Anti-␤-actin (clone: AC-74, A5316) and anti-E-cadherin (clone: DECMA-1, U3254) monoclonal antibodies from SigmaAldrich were used in 1:5000 and 1:1000 dilution, respectively. Anti-N-cadherin (clone: 32, 610920), anti-fibronectin (clone: 10, 610077), anti-phospho-NF-b p65 (clone: 20, 610868), and anti-␤-catenin (clone: 14, 610153) from BD Biosciences were used in 1:2000, 1:1000, 1:1000, and 1:2000 dilution, respectively. Anti-PMCA1 (bs-4978R) polyclonal antibody from BIOSS (Woburn, MA) was used in 1:1000 dilutions. Horseradish peroxidase-conjugated secondary monoclonal antibodies against mouse IgG (catalog no. 7076), rabbit IgG (catalog no. 7054), and mouse IgG light chain (clone: D3V2A, 58802) obtained from Cell Signaling Technology (Lexington, KY) were used in 1:1000 dilution. XAV939 was purchased from Cayman Chemical (Ann Arbor, MI).
Immunoblot analysis and co-immunoprecipitation
The cells were lysed with buffer containing 95 mM NaCl, 25 mM Tris, pH 7.4, 0.5 mM EDTA, 2% SDS, 1 mM PMSF, 5 mg/ml mixture of protease inhibitor (PI). Similarly, tumor samples were lyophilized with liquid nitrogen and lysed in buffer containing 1% Triton X-100, 100 mM Tris-Cl, 200 mM NaCl, 0.2% SDS, 5 mM EDTA, 100 g/ml PI mixture. After quantitation with a Bio-Rad protein assay kit, lysates containing 100 g of protein were separated by SDS-PAGE and transferred onto nitrocellulose membranes. Blots were blocked in 5% milk in TBS with 0.1% Tween 20 (TBST) for 1 h and incubated with primary antibodies diluted in 5% BSA in TBST overnight at 4°C. After washes with TBST, the blots were incubated with secondary antibodies in 5% milk in TBST for 1 h and developed with a chemiluminescent Western Lightning TM system according to the manufacturer's recommendations, ECL or ECL Prime (GE Healthcare). TINA version 2.0 software (Straubenhardt, Germany) was used for quantification of immunoblots.
For co-immunoprecipitation, MDCK cells were either untreated or treated with DMSO (0.01%) or 10 M KB-7943 for 8 h wherever indicated. Cell lysates corresponding to 1 mg of total protein were incubated overnight with Protein G Magagarose (GE Biosciences, Pittsburgh, PA) precoupled with antibodies for 4 h. The beads were washed, and proteins bound to the beads were separated on SDS-PAGE and immunoblotted as described above.
Quantitative RT-PCR analysis
RNA was obtained by TRIzol extraction method, and cDNA was synthesized by the iScript TM cDNA synthesis kit (Bio-Rad) as per the manufacturer's instructions. The cDNA was amplified using the SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA). The following primers were used for tumors: (a) NCX1 (forward, GACCTCGGTCCTAGCAC-CAT; reverse, TTGTCTGTCATATCTCCTGGTGTT) and (b) tubulin (forward, CTGTGATGAGCTGCTCAGGGTGG; reverse, GTTGGCCAGGCTGGTGTCCAG). The following primers were used for MDCK cells: (a) cyclin D1 (forward, AGGAGCAGAAGTGCGAGGAG; reverse, CACATCTGTG-GCACAGAGCG); (b) Axin2 (forward, GGACAAATGCGTG-GATACCT; reverse, TGCTTGGAGACAATGCTGTT); and (c) GAPDH (forward, TCCTGCACCACCAACTGCTT; reverse, GTCTTCTGGGTGGCAGTGAT).
Quantitative PCR was performed in a 384-well plate on a 7900HT fast real-time PCR system (Applied Biosystems). Samples were assayed in triplicate, and transcript levels were calculated by relative quantification, normalizing the samples to the endogenous control GAPDH or tubulin. Graphs represent the average of the relative mean expression level (relative quantification value) of three different experiments, and the error bars represent the S.E. (GraphPad Software Inc., La Jolla, CA).
Immunofluorescence and confocal microscopy 100,000 cells were plated on coverslips. After 24 h, cells were fixed with either ice-cold methanol at Ϫ20°C or 4% paraformaldehyde in PBS at room temperature. The coverslips were blocked with 1% BSA in PBS for 30 min, followed by incubation with primary antibody for 2 h and fluorescence-tagged secondary antibody for 1 h. The coverslips were washed with PBS, incubated with TO-PRO-3 iodide (Thermo Fisher Scientific, Carlsbad, CA) for 10 min, and mounted onto the glass slides with ProLong gold antifade reagent (Thermo Fisher Scientific). Images were captured using a TCS SP5 laser-scanning confocal microscope (Leica MicroSystems, Buffalo Grove, IL) with a ϫ63/1.4 numeric aperture oil immersion objective lens.
Cell length measurement
Average cell length was calculated from a minimum of 20 cells, randomly selected, per field of view. A scale bar drawn across the length of the cell in LSM software (Leica Microsystems) provided cell length measurement, as described previously (70) .
3D cultures and imaging
MDCK and NCX1-KD cells were grown in 3D Matrigel
TM
, as demonstrated earlier (70). 8-Chambered LAB-TEK II dishes from Nalgene Nunc (Rochester, NY) were coated with growth factor-reduced 2% Matrigel TM from BD Biosciences. 15,000 cells/ml were plated in these coated chambers in DMEM and incubated at 37°C. Medium was replaced after 48 h, and the cysts were fixed after 96 h. XAV-939 was added when cells were plated on Matrigel.
Cells grown in 3D cultures were blocked with PFS (0.7% fish skin gelatin, 0.1% saponin (Sigma)) for 30 min, followed by overnight incubation with anti-␤-catenin antibody diluted in PFS. After washes with PFS, the cysts were incubated with antimouse Alexa-488 and phalloidin-conjugated with Alexa-546 for 2 h, followed by incubation with TO-PRO-3 iodide for 30 min. The cyst images were captured by TCS SP5 confocal microscope. At least 100 cysts were randomly selected per experiment, the numbers of polarized and non-polarized cysts were counted, and the cyst size was measured using LSM software as described above.
Cell proliferation assay
BrdU cell proliferation assay kit from Biovision (Milpitas, CA) was used to compare the rate of proliferation between MDCK and NCX1 KD cells. 10,000 cells were plated per well in a 96-well plate. After 24 h, the cells were treated with 20 l of BrdU at 37°C for 4 h. The cells were then fixed with fixing/ denaturing solution and stained with 1ϫ BrdU detection antibody solution for 1 h. After two washes with 1ϫ wash buffer, 1ϫ anti-mouse HRP-linked antibody solution was added and incubated for 1 h. tetramethylbenzidine substrate was added and absorbance was measured at 650 nm, and then stop solution was added and absorbance at 450 nm was measured.
TER measurement assay
2 ϫ 10 5 cells were plated in 200 l of medium in each well of ECIS electrode arrays (8W10E), with active gold electrodes in the base, and allowed to incubate for 20 h. The resistance levels were continually monitored at 500 Hz using ECIS model 1600R (Applied BioPhysics, Troy, NY), and TER values were normalized with respect to the initial TER value, which was considered 1, as described previously (22) .
Ca
2؉ switch assay MDCK cells were trypsinized and plated on 8W10E ECIS array plate. The cells were allowed to attach for 1 h in DMEM containing 1.8 mM Ca 2ϩ . Then the inserts were gently rinsed in SMEM (minimum essential medium for suspension culture) (Invitrogen) containing Ͻ 5 M Ca 2ϩ and 5% dialyzed FBS and then incubated with calcium-free SMEM overnight at 37°C. After 16 h, SMEM was removed, complete DMEM was added to the cells, and the changes in the TER were continuously monitored. KB-R9743 or DMSO was added with complete DMEM wherever indicated.
Solute permeability assay
The permeability assay was performed as described previously (73, 74) . 200,000 cells were plated onto 12-mm polyester transwell inserts with a pore of 0.4-m size (Corning Inc.) and incubated for 48 h. After 48 h, 0.5 M TAMRA (Sigma-Aldrich) was added to the apical chamber, and 50 l of medium from the basal chamber was sampled every 15 and 30 min for 3 h. 10 l of the medium was removed from the apical chamber at the start and end of the experiment. The collected samples were pipetted onto a black 96-well plate and measured (excitation at 560 nm and emission at 590 nm) in a microplate reader (PerkinElmer Life Sciences).
Transmission electron microscopy
Transmission electron microscopy was performed as described previously with certain modifications (75) . Cells were fixed with 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 1 h at room temperature. The cells were washed with 0.1 M sodium cacodylate buffer and embedded in 4% low-melting point agarose. The agarose was cut into 1-2 mm 3 cubes, washed again with 0.1 M sodium cacodylate buffer, and fixed in 2% osmium tetroxide in 0.1 M sodium cacodylate buffer for 2 h. Further, the cubes were dehydrated in ascending acetone solution (25, 50, 75, 95 , and 100%) after a 15-min incubation in each solution. The cubes were then infiltrated with Embed-812 resin in a decreasing ratio of acetone (from 1 part Embed-812 resin:3 parts acetone to 100% Embed-812 resin) every 1 h. The agarose cubes were embedded into labeled BEEM capsules with fresh Embed-812 resin and polymerized for 1 h at 65°C. The samples were sectioned and imaged in a Zeiss Libra 120 transmission electron microscope (Thornwood, NY).
Anchorage-independent growth assay 1.5 ml of DMEM with 0.5% noble agar was plated in 6-well dishes and air-dried. Cells were trypsinized, and 10,000 cells were resuspended per ml of DMEM with 0.3% noble agar. 1.5 ml of these cells were then plated on air-dried bottom layer and incubated for 3 weeks at 37°C, with the addition of 200 l of DMEM two times per week. After 14 days, the cells were stained with 200 l of nitro blue tetrazolium chloride (Sigma-Aldrich) solution and incubated at 37°C overnight. The colonies were imaged using a Geliance 600 imaging system and analyzed with GeneTools TM software (both from PerkinElmer Life Sciences).
Cell surface biotinylation assay
Subconfluent cells were labeled with 0.5 g/ml membraneimpermeable EZ-Link Sulfo-NHS-LC-Biotin (Pierce) in triethanolamine (TEA) buffer (150 mM NaCl, 10 mM TEA, pH 9, 1 mM CaCl 2 , 1 mM MgCl 2 ) on ice. After 20 min, the cell surfaces were quenched with ammonium chloride (50 mM NH 4 Cl in PBS, 0.1 mM CaCl 2 , 1 mM MgCl 2 ) and lysed in 300 l of lysis buffer (150 mM NaCl, 20 mM Tris, pH 8, 5 mM EDTA, 1% Triton X-100, 0.1% BSA, 1 mM PMSF, 1 mg/ml PI mixture). The lysates were incubated with 30 l of Ultralink streptavidin beads (Thermo Scientific) at 4°C, and after 16 h, the beads were washed and immunoblotted.
Exocytosis biotinylation assay
The exocytosis biotinylation assay was performed as described previously (76) . Cells grown in 6-well dishes were chilled on ice and quenched with 2 mg/ml Sulfo-NHS-acetate (Pierce) dissolved in PBS-CM for 20 min to saturate NHS-reactive sites on the cell surface. A control dish was chilled on ice but not quenched. After quenching for 20 min, cells were incubated at 37°C for 0 or 15 min to allow protein trafficking. At this point, cells were chilled on ice and labeled with 1.5 mg/ml Sulfo-NHS-biotin. Following biotinylation, cells were lysed and incubated at 4°C with streptavidin beads overnight, and the proteins bound to the beads were resolved by SDS-PAGE and immunoblotted for E-cadherin.
Endocytosis biotinylation assay
EZ-Link Sulfo-NHS-SS-Biotin (Pierce) was used to biotinylate cell surface proteins at 4°C, as described previously (77) . Two control dishes were retained on ice, whereas experimental dishes were incubated at 37°C for the indicated times and then returned to ice. One control dish was not reduced and served as input (100%). The remaining dishes were incubated with reducing solution (250 mM of glutathione, 10 mM NaCl, 250 mM NaOH, 10% fetal bovine serum) to remove the biotin on the cell surface. The free sulfhydryl groups of biotin were quenched in 5 mg/ml iodoacetamide (Sigma-Aldrich) plus 5% BSA in PBS. The cells were lysed and incubated with Ultralink Streptavidin beads overnight. Following wash, the biotinylated proteins bound to the beads were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted for E-cadherin.
Detergent extraction assay
Confluent monolayer of cells were incubated with 200 l of extraction buffer (50 mM NaCl, 10 mM PIPES, pH 6.8, 3 mM MgCl 2 , 0.5% Triton X-100, 300 mM sucrose, 1 mM PMSF, 100 units/ml DNase) for 10 min at 4°C. The lysates were centrifuged at 4°C for 30 min at 14,000 rpm in a microcentrifuge. The supernatant was removed, and 200 l of sample buffer was added to it. The pellet was resuspended in 200 l of the extraction buffer and sonicated, and 200 l of sample buffer was added. Equal volumes of supernatant and pellet fraction were resolved on a gel and immunoblotted as described above. Wherever indicated, MDCK cells were treated with DMSO (0.1%) or 10 M KB-R7943 for 8 h before detergent extraction.
␤-Catenin transcriptional activity
100,000 MDCK and NCX1-KD cells were co-transfected with 1 g of either reporter plasmid M50 Super 8ϫ TOPFlash (Addgene plasmid 12456), containing luciferase reporter of ␤-catenin-mediated transcriptional activation or control plasmid M51 Super 8ϫ FOPFlash (Addgene plasmid 12457) containing luciferase reporter with mutated TCF/LEF binding sites, a gift from Randall Moon (78) and pRL-SV40-Renilla luciferase expression construct (Promega, Madison, WI) (GenBank TM vector accession number AF025845). After 48 h, the transfected cells were lysed with passive lysis buffer, and the supernatant was assayed with the Dual-Glo luciferase assay kit (Promega) for firefly and Renilla luciferase activity in a VIC-TOR X multilabel plate reader (PerkinElmer Life Sciences). The luciferase activity produced by the binding of ␤-catenin to the LEF/TCF binding sites (TOPflash) was subtracted from the luciferase activity produced by the scrambled promoter (FOPflash), and the transfection efficiency was normalized to Renilla luciferase activity. The mean luciferase activity from three independent experiments was calculated, and the -fold change was compared between MDCK and NCX1-KD cells.
Statistical analysis
The results from three independent experiments are represented as means Ϯ S.E. in graphs generated with GraphPad Prism software. The statistical significance between experimental groups was calculated by paired or unpaired Student's t test, and p Ͻ 0.05 was considered statistically significant.
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